Climate change significantly impacts natural populations, particularly phenology traits, like the seasonal 12 onset of reproduction in birds. This impact is mainly via plastic responses in phenology traits to changes in the 13 environment, but the molecular mechanism mediating this plasticity remains elusive. Epigenetic modifications can 14 mediate plasticity and consequently constitute promising candidates for mediating phenology traits. Here, we used 15 genome-wide DNA methylation profiles of individual great tit (Parus major) females that we blood sampled 16 repeatedly throughout the breeding season. We demonstrate rapid and directional variation in DNA methylation 17 within the regulatory region of genes known to play key roles in avian reproduction that are in line with observed 18 changes in gene expression in chickens. Our findings provide an important step towards unraveling the molecular 19 mechanism mediating a key life history trait, an essential knowledge-gap for understanding how natural 20 populations may cope with future climate change. 21 22 seasonal onset of egg laying. As a first step, we investigated whether great tit females show within-individual and 32 short-term variation in DNA methylation that corresponds to changes in the reproductive state of females. We 33 therefore housed breeding pairs in climate-controlled aviaries to blood sample each female repeatedly throughout 34 the breeding season and used these repeated samples for methylation profiling.
IMPACT SUMMARY 23 Natural populations are increasingly challenged by changing environmental conditions like global increases in 24 temperature. A key way for species to adapt to global warming is via phenotypic plasticity, i.e. the ability to adjust 25 the expression of traits to the environment. We, however, know little about how the environment can interact with 26 an organism's genetic make-up to shape its trait value. Epigenetic marks are known to vary with the environment 27 and can modulate the expression of traits without any change in the genetic make-up and therefore have the 28 potential to mediate phenotypic plasticity.
29
To study the role of epigenetics for phenotypic plasticity, we here focus on the great tit (Parus major), a 30 species that is strongly affected by global warming and plastic for temperature in an essential phenology trait, the 31 INTRODUCTION 
42
Increasing global temperatures have led to shifts in phenology traits of many species over the last decades 43 with major ecological impacts1,2. Such shifts in phenology traits include, among many others, leaves unfolding of 44 trees3, spring-flowering time of plants4, appearance of butterflies5, egg laying in seasonally reproducing birds6 or 45 the hibernation phenology in squirrels7. Species across trophic levels, however, may differ in their phenological 46 sensitivity to climate change and consequently differ in their magnitude of shifts in phenology traits8, resulting in 47 phenological mismatches between species of interacting trophic levels that can impact whole ecosystem 48 functioning9,10.
49
A well-documented example is the phenological mismatch between the breeding phenology of great tits 50 (Parus major) and the timing of the winter moth (Operophtera brumata) caterpillar biomass peak, a key food 51 source of great tit young and hence important determinant of reproductive success11. The spring phenology in both 52 species, i.e. laying date in great tits and timing of caterpillar biomass peak, are phenotypically plastic for 53 temperature, but the species differ in their sensitivity to temperature, leading to between-year variation in the 54 magnitude of the phenological mismatch and in the strength of selection on laying date12. Individual-based 55 observations from long-term studies allow us to estimate the strength of selection on and the additive genetic 56 variation in laying date components to predict whether laying dates can respond to natural selection12,13. Those 57 estimates, however, can vary across environments14,15 which complicates such predictions especially if the 58 environment shifts beyond those epreviously observed. Consequently, we might benefit from a more mechanistic 59 understanding of how variation in the environment shapes laying dates which requires insights into the genetic 60 basis of the trait and the molecular mechanism that facilitates the interaction of this genetic basis with the 61 environment. For the seasonal onset of avian reproduction, however, such insights remain elusive16,17.
3
Promising components of the molecular mechanism that mediates laying dates in response to the 63 environment are epigenetic modifications, i.e. chemical modifications of the DNA sequence or chromatin proteins 64 that affect gene expression and consequently trait values without change in the DNA sequence18. Interestingly, 65 recent studies in plants19-21, insects22, and mammals23,24 have emphasized the potential for temporal variation in 66 epigenetic modifications to be involved in mediating the temporal expression of phenology traits across taxa. For 67 example, flowering time in Arabidopsis is characterized by variation in histone methylation of flowering locus C 68 (FLC)19, photoperiodic diapause in a parasitic wasp (Nasonia vitripennis) is associated with variation in DNA 69 methylation induced by different photoperiods22, and gonadal regression in Siberian hamsters (Phodopus 70 sungorus) is accompanied by photoperiodically-induced and reversible variation in DNA methylation of type III 71 deiodinase (dio3), a gene involved in the photoperiodic regulation of reproduction23.
72
Here, we examine whether short-term variation in DNA methylation mediates the onset of reproduction 73 in a wild songbird species, the great tit. We housed breeding pairs in climate-controlled aviaries, repeatedly blood 74 sampled females throughout the breeding season, and used isolated red blood cells for reduced representation 75 bisulfite sequencing (RRBS) to assess within-individual patterns of temporal variation in DNA methylation. Using 76 two different analytical approaches, we demonstrate rapid and directional variation in DNA methylation at CpG 77 sites within the regulatory region of two genes previously reported in the context of avian reproduction. Our study, 78 therefore, indicates a role of DNA methylation in the molecular mechanism that mediates the seasonal onset of 
98
In a genome-wide differential methylation analysis on 5,097 CpG sites within the regulatory region of 99 genes, a region known to affect gene expression in great tits25, we found significant variation in CpG site 100 methylation for the different pairwise contrasts (fig. S1), with most of the variation taking place between the pre-101 laying and post-laying stages. We therefore focus on the comparison between the second pre-laying and post-102 laying stage (Fig. 2 , table S1). 
117
Co-methylation analysis. While the differential methylation analysis required a priori defined 118 comparisons between groups, we additionally used an unsupervised approach using a weighted co-methylation 119 network analysis (co-methylation analysis), to cluster CpG sites based on the similarity of their methylation 120 profiles across all samples. We found that 2,347 out of 5,097 CpG sites clustered into nine different modules (table   121   S3 ). We then tested for a correlation between each module's eigensite, i.e. first principle component, and the 122 reproductive state and found a significant correlation for two modules' eigensite ( 138 Functional analysis. We performed a gene ontology (GO) and STRING analyses with genes found in the 139 differential and co-methylation analyses, but did not detect any significantly enriched GO terms and protein-140 protein interaction networks. Hence, genes identified here have not been previously described to share biological 141 functions or interact with each other.
142
Methylation profiles of most significant findings. To identify the genes that most significantly co-varied 143 with the reproductive state in their DNA methylation profile, we combined the findings from the differential 144 methylation and the co-methylation analysis and found eight genes with one or more CpG sites that showed 145 significant variation in DNA methylation in both analyses (intersections in fig. S3 , table S8). We found four of 146 those genes with the differential methylation analysis and the turquoise module of the co-methylation analysis, 147 and five genes with the differential methylation analysis and the green module of the co-methylation analysis. The 148 most significant genes were NR5A1 and LOC107215054 (MYLK-like). The three CpG sites within the regulatory 149 region of NR5A1 showed hyper-methylation and the two CpG sites within the regulatory region of LOC107215054 7 (MYLK-like) showed hypo-methylation at the time females initiated egg laying ( Fig. 4 The molecular mechanism that mediates the temporal expression of phenology traits in response to the 160 environment remains largely unknown16, but recent studies on plants19-21, insects22, and mammals23,24 emphasize 161 the potential for epigenetic modifications, such as DNA methylation, to be involved in this mechanism. Here, we 162 expand on this by indicating a role of DNA methylation in mediating the onset of reproduction in a wild songbird 163 species, the great tit.
164
We found two genes, NR5A1 and LOC107215054 (MYLK-like) that most significantly co-varied with the 165 reproductive state in their DNA methylation profile, when we combined findings from the differential methylation 166 and the co-methylation analysis. NR5A1 encodes for a transcription factor that regulates the expression of many 167 important genes within all levels of the reproductive axis26,27 and most genes involved in gonadal steroidogenesis28.
168
For example, NR5A1 modulates the expression of the steroidogenic acute response protein (STAR) that transfers 169 cholesterol to initiate an enzymatic cascade that comprises steroid synthesis, essential for folliculogenesis29. 
215
Blood sampling and sample selection. Pairs were blood sampled biweekly from January to July between 216 08:30 AM and 14:30 PM from the jugular vein (up to 150 µl) and for DNA extraction red blood cells were 217 separated from the plasma49 (details in methods S2). We chose samples from 16 females of the early selection line 218 collected at four sampling times based on the females' realized laying dates (Fig. 1) : the day when (1) day length 219 > 12h, (2) 25% of the females exposed to the warm temperature environment had initiated egg laying, (3) 25% 220 and 50% of the females exposed to the cold and warm temperature environment respectively had initiated egg 221 laying, and (4) 50% of the females exposed to the cold temperature environment had initiated egg laying). One 12 09.07.2019), and a custom background lists of all genes with a CpG site in their regulatory region. We specified 298 selection criteria for GO terms such that >5% of the genes associated with a GO term and >3 genes associated 299 with the GO term had to be present in input genes. For the enrichment and functional analyses we used a two-300 sided enrichment/depletion test, p-value correction for multiple testing via Bonferroni step down, and set the 301 network specificity to 'medium' ranging from third to tenth GO level. In addition to the GO analyses, we used the 302 STRING70 v1.4.2 plug-in for Cytoscape69 v3.7.1 to construct protein-protein interaction network analyses for the 303 same genes as in GO analyses and used a confidence cutoff to 0.7.
304
Methylation profiles of most significant findings. For the differential methylation analysis, we ranked 305 genes based on the p-value of the CpG site that showed the most significant variation in DNA methylation between 306 the second pre-laying and post-laying stage (table S2) . For the co-methylation analysis, we ranked genes for the 307 turquoise and green module separately such that the rank is based on the p-value for the trait-specific site 308 significance of the CpG site that showed the highest trait-specific site significance within a gene (tables S6-S7).
309
We calculated the sum of ranks (i.e. sum of the rank given based on the differential methylation analysis and the 310 rank given based on the co-methylation analysis, table S8) for all genes with a CpG site that is significant in both 311 analyses. Next to exploring the methylation profiles of CpG sites within the regulatory region of the two top ranked 312 genes, we explored the methylation profile of all remaining CpG sites that were significant in both analyses (results 313 presented in fig. S5 ), significant in the differential methylation analysis but not in the weighted co-methylation 314 network analysis (results presented in fig. S9 ), and significant in the weighted co-methylation network analysis 315 but not in the differential methylation analysis (results for the turquoise and green module are presented in fig 
